[1] Carrot sprites, exhibiting both upward and downward propagating streamers, and columniform sprites, characterized by predominantly vertical downward streamers, represent two distinct morphological classes of lightning-driven transient luminous events in the upper atmosphere. It is found that positive cloud-to-ground lightning discharges (+CGs) associated with large charge moment changes (Qh Q ) tend to produce carrot sprites with the presence of a mesospheric region where the electric field exceeds the value 0.8E k and persists for > $ 2 ms, whereas those associated with small Qh Q are only able to produce columniform sprites. Columniform sprites may also appear in the periphery of a sprite halo produced by +CGs associated with large Qh Q . For a sufficiently large Qh Q , the time dynamics of the Qh Q determines the specific shape of the carrot sprites. In the case when the sufficiently large Qh Q is produced mainly by an impulsive return stroke, strong electric field is produced at high altitudes and manifests as a bright halo, and the corresponding conductivity enhancement lowers/enhances the probability of streamer initiation inside/below the sprite halo. A more impulsive return stroke leads to a more significant conductivity enhancement (i.e., a brighter halo). This conductivity enhancement also leads to fast decay and termination of the upper diffuse region of carrot sprites because it effectively screens out the electric field at high altitudes. On the contrary, if the sufficiently large Qh Q is produced by a weak return stroke (i.e., a dim halo) accompanied by intense continuing current, the lightning-induced electric field at high altitudes persists at a level that is comparable to E k , and therefore an extensive upper diffuse region can develop. Furthermore, we demonstrate that 'negative sprites' (produced by -CGs) should be necessarily carrot sprites and most likely accompanied by a detectable halo, since the initiation of upward positive streamers is always easier than that of downward negative streamers, and -CGs are usually associated with impulsive return stroke with no continuing current. We also conjecture that in some cases, fast decaying single-headed upward positive streamers produced by -CGs may appear as bright spots/ patches. We show that the threshold charge moment changes of positive and negative sprites are, respectively,~320 and~500 C km under typical nighttime conditions assumed in this study. These different initiation thresholds, along with the different applied electric field required for stable propagation of positive and negative streamers and the fact that +CGs much more frequently produce large charge moment changes, represent three major factors in the polarity asymmetry of +CGs and -CGs in producing sprite streamers. We further demonstrate that lower mesospheric ambient conductivity leads to smaller threshold charge moment change required for the production of carrot sprites. We suggest that geographical and temporal conductivity variations in the lower ionosphere documented in earlier studies, along with the seasonal and inter-annual variations of thunderstorm activity that lead to different lightning characteristics in the troposphere, account for the different morphological features of sprites observed in different observation campaigns.
Introduction
[2] Upper atmospheric gas discharges known as sprites [Sentman et al., 1995] are the most morphologically complex type of transient luminous events (TLEs) induced by intense lightning activity in the underlying thunderstorms [Lyons, 1996] . Observations have shown that sprite forms can be as simple as a single short vertical column about 10 km long, less than 1 km in diameter, and showing little or no brightness variation along its length [e.g., Wescott et al., 1998; Adachi et al., 2004] , or can be composed of many distinct, spatially separated filaments with a complex mixture of sizes, orientations and shapes that usually extend from 90 km down to~40 km altitude [e.g., Gerken et al., 2000; Stenbaek-Nielsen et al., 2000] . Moreover, these sprites with extensive vertical structures are sometimes preceded or accompanied by a brief descending diffuse glow with lateral extent 40-70 km, centered at~80 km altitude, and referred to as a sprite halo [Barrington-Leigh et al., 2001; Wescott et al., 2001] .
[3] Sprites are generally classified into columniform sprites and carrot sprites based on their resemblance to straight columns or carrots in normal-rate (≲1000 fps) video observations [Pasko et al., 2011, and references therein] . It should be noted that these phenomenological terminologies misrepresent somewhat the streamer nature of the sprite tendrils and instead, depict a "frozen history" of the fast movement of very small and bright volumes of intense ionization in streamer heads [Marshall and Inan, 2006] . Recently, imaging of sprites at 5000-10,000 fps has provided significant details of spatial and temporal development of sprite streamers [e.g., Cummer et al., 2006; McHarg et al., 2007; Stenbaek-Nielsen and McHarg, 2008] . In the context of the 10,000 fps observations, columniform sprites are reinterpreted as sprites without any significant upward propagating streamers, whereas carrot sprites have both downward and upward streamers [StenbaekNielsen and McHarg, 2008] .
[4] Simultaneous video observations of sprites and electromagnetic measurements of lightning radiation indicated that the morphological features of sprites were closely related to the characteristics of their causative positive cloud-to-ground (+CG) lightning discharges [e.g., Wescott et al., 1998 ]. Adachi et al. [2004] analyzed the columniform sprite events observed in the Hokuriku area of Japan in the winter of 2001/2002 and documented that 16 out of 22 (73%) events were produced by +CGs associated with charge moment changes Qh Q ≲ 500 C km, and six other events were associated with larger Qh Q up to 1200 C km. It is of interest to note that Japanese winter sprites have much simpler structure than those in the Japanese summer and U.S. continental events, and usually are produced by +CGs associated with Qh Q of $200-700 C km [Hayakawa et al., 2004] . More recently, van der Velde et al. [2006] suggested that the in-cloud lightning activity following the causative +CG and contributing to the continuing current plays an important role in the generation of carrot sprites but appears to be relatively unimportant for columniform sprites. These authors conjectured that carrot sprites are produced by larger total charge moment changes, whereas columniform sprites are produced by larger instantaneous charge moment changes during a +CG discharge [van der Velde et al., 2006] . Similarly, Suzuki et al. [2011] suggested that sprite-producing lightning discharges with continuing current accompanied by relatively large multiple peaks with ELF waveforms tend to generate carrot sprites, and those with transient currents tend to produce columniform sprites.
[5] Although lightning characteristics seem to be of essential importance to account for the morphological complexity of sprites, it has been questioned whether some other parameters, such as atmospheric conditions leading to the lightning activity, or the electrical properties of the ambient atmosphere, are also controlling the sprite morphology [Stenbaek-Nielsen et al., 2010] . This question has been raised as a result of an analysis on the basis of a high-speed imaging dataset obtained during 10 years of sprite observations [Stenbaek-Nielsen et al., 2010] where it was found that the relative numbers and morphological features of sprites vary significantly from campaign to campaign. It was stated by Stenbaek-Nielsen et al. [2010] that "For example, in 1999 we observed many very big sprite events, "jellyfish" [Stenbaek-Nielsen et al., 2000] , but these have been rare in later observations. Also in 1999 almost half of the events were halos only; in the recordings [2005] [2006] [2007] [2008] there have been very few halos. In the 2007 campaign most of the sprites were multiple C sprites, but in 2008 most were carrot sprites. In 2005 most sprites started with C sprite characteristic and some developed into carrot sprites."
[6] Recent modeling efforts on sprite streamer inception mechanism have provided new insights in the understanding of sprite morphology [Qin et al., 2011 [Qin et al., , 2012a . Qin et al. [2011] discussed the relations of sprite halo and sprite streamers, and indicated that a sprite halo was a large-scale response of the lower ionosphere as a multiple-avalanche system to the charge removal from thundercloud by a lightning discharge. Its diffuse glow is an optical manifestation of the large-scale conductivity enhancement by electron impact ionization during the transient process of dielectric relaxation of the lightning-induced electric field, whereas sprite streamers are initiated from competing electron density inhomogeneities, which are strong enough to rapidly build up a large space charge field and transform into streamers before relaxation of the external field [Qin et al., 2011] . Qin et al. [2012a] further investigated streamer formation in different regions of a sprite halo, and found that single-headed (unidirectional) and double-headed (bidirectional) streamers, or secondary upward negative streamers are initiated in different sub-regions of the streamer initiation region (SIR). This difference stems from the ambient conductivity dependence on altitude and the modification of the conductivity by sprite halos, that leads to different dielectric relaxation time in different parts of the halo, corresponding to regions of singleheaded streamer initiation (single-SIR) and double-headed streamer initiation (double-SIR).
[7] On the basis of the subdivision into single and doubleheaded SIRs, it appears that absence or presence of the double-headed SIR is essential for the production of columniform or carrot sprites, respectively, in a sprite-halo event [Qin et al., 2012a] . The investigation of the impact of lightning characteristics and the lower ionospheric ambient conditions on the formation of the double-headed SIR represents a major goal of the present work. Furthermore, although Qin et al. [2011] predicted that the upper part of 'negative sprites' (produced by -CGs) dominated by positive streamers should be brighter than the lower part dominated by negative streamers, in agreement with observations of Taylor et al. [2008] and Li and Cummer [2011] , the morphology of these 'negative sprites ' has not yet been analyzed in the existing literature. Hence, a theoretical understanding of the morphological features of negative sprites and their more stringent initiation requirements compared to those of positive sprites represents another important goal of the present work.
Model
[8] A two-dimensional (2D) cylindrically symmetric plasma fluid model is used to simulate the dynamics of sprite halos and sprite streamers. Most of the model is identical to that used by Qin et al. [2012a] except that in the present work, we include the following electron detachment process:
that appears to be important for long timescale (≳10 ms) dynamics of sprite halos [Liu, 2012] and may play a role in the initiation of long-delayed sprites [Luque and Gordillo-Vazquez, 2012] . The rate constant k d of the reaction (1) is taken from the work of Rayment and Moruzzi [1978, Figure 4] . Other reactions that are commonly considered in previous plasma fluid modeling of sprites include:
Reactions (2) and (3) are the production of electrons via electron impact ionization of N 2 and O 2 molecules, and reaction (4) is the loss of electrons due to dissociative attachment to molecular oxygen.
[9] Although the inclusion of reaction (1) represents an improvement when compared to the model used by Qin et al. [2012a] , this model may still not be able to accurately simulate the sprite halo dynamics during 10s to 100s of milliseconds, as it ignores many reactions that are important on long timescales [Sentman et al., 2008; Gordillo-Vazquez, 2008] . Nevertheless, in our simulations we observe that on a 5 ms timescale considered in the present work, the detachment process only slightly affects the mesospheric electric field ! E halo r; z; t ð Þ in sprite halos [Gordillo-Vazquez, 2008; Liu, 2012] . This is because there are no ambient O -ions in our modeling [GordilloVazquez, 2008; Liu, 2012] and the space charge distribution is not significantly changed by the detachment processes within 5 ms. We ignored other even slower chemical reactions, such as three-body detachment, electron-ion and ion-ion recombination, that are not important on a 5 ms timescale [e.g., Gordillo-Vazquez, 2008; Sentman et al., 2008; Liu, 2012] . We note that this 5 ms timescale is long enough to study the properties of short-delayed sprites [Cummer and Lyons, 2005] , and to account for important lightning characteristics such as the dramatic contrasts in the durations of continuing currents in +CGs and -CGs [Williams et al., 2012] .
[10] In this model, we distinguish charged species as electrons, positive ions, O -ions and ambient negative ions. The ambient positive and negative ions contribute to the total conductivity only by drift motion since we assume that they are not involved in any chemical reactions as reactants over a 5 ms timescale, and O -ions are produced via reaction (4) and release electrons via reaction (1). The motion of charged species is simulated by solving the drift-diffusion equations for electrons and ions coupled with Poisson's equation:
where n e , n p , n n , n O À and n N 2 are, respectively, the electron, positive ion, ambient negative ion, O -ion and molecular nitrogen number densities; ! v e , ! v p , ! v n and ! v O À are the drift velocities of electrons, positive ions, ambient negative ions and O -ions, respectively. We note that the initial values of n e , n p , and n n are respectively equal to the ambient electron, ambient positive ion, and ambient negative ion densities in the lower ionosphere, which will be introduced in the following using equation (11). S ph is the rate of electronion pair production due to photoionization; ' is the electric potential, and e 0 is the permittivity of free space. The electron drift velocity is defined as ! v e =Àm e ! E , where ! E = À r ' is the electric field, and the drift of ions is incorporated assuming the mobility of all ion species as a function of altitude m i '2.3N 0 /N cm 2 /V/s [Davies, 1983] , where N is the air density at the altitude of interest and N 0 '2.688Â10 25 m -3 is a reference value of air density at the ground level. The electron mobility m e , diffusion coefficient D e , and the ionization n i and two-body attachment n a frequencies are defined as functions of the reduced electric field E/N using modified formulations of Morrow and Lowke [1997] . The transport equations for charged species are solved using a flux-corrected transport technique [Zalesak, 1979] that combines an eighth-order scheme for the high-order fluxes and a donor cell scheme for the low-order fluxes. Photoionization processes are included using the three-group SP 3 model developed by Bourdon et al. [2007] .
[11] The "two-step" simulation technique proposed by Qin et al. [2012a] is used to model the initiation of streamers from sprite-halo events. The technique can be briefly summarized as follows. In the first step, we model the sprite halo dynamics in a simulation domain that extends from the ground up to 95 km, with a radius of 95 km and perfectly conducting boundary conditions using a grid with a spatial resolution of 237.5 m. We keep complete track of the electric field ! E halo r; z; t ð Þ in the upper atmosphere in this step, and then use this field as an externally applied electric field during the second step to model possible sprite streamer initiation. The simulation domain in the second step extends 2 km vertically and has a radius of 0.25 km with open boundary conditions, and it is discretized in different simulations using grids with at least 3201Â401 grid points, corresponding to a spatial resolution of 0.625 m. The variation of air density with altitude is accounted for, and the initial electron and ion densities in the streamer simulation domain are the same as these in the corresponding region in sprite halo modeling. In order to monitor the possible streamer initiation, we place a Gaussian inhomogeneity (see equation (12) The waveform for lightning current moment is modeled using the formulation proposed by Cho and Rycroft [1998] :
where the shape of the return stroke pulse can be controlled by adjusting the charge moment change Qh Q and the impulsiveness factor t 0 , and Ih Q0 represents the continuing current moment. A value of t 0 =25 ms, which is shown to represent typical +CGs [Cho and Rycroft, 1998 ], is used in the present work, and a smaller t 0 leads to a more impulsive current waveform. Figure 1 shows three representative current waveforms that are used in the present work. We note that for t 0 =25ms, the peak density of current moment Ih Qpeak appears at t=4t 0 =0.1 ms, and Ih Q (t=40t 0 =1 ms) = 0.13Ih Qpeak (i.e., the duration of the lightning current corresponding to t 0 =25 ms is $1.0 ms, see Figure 1 for illustrations of the lightning pulse duration).
[13] The ambient electron density profile can be expressed as [Wait and Spies, 1964] : , which represent a typical nighttime electron density profile [e.g., Han and Cummer, 2010a] . The positive ion density n ion is assumed to be equal to the electron density at high altitudes, where electron density is higher than 10 8 m -3
, and is equal to 10 8 m -3 at lower altitudes [e.g., Narcisi, 1973] . Initial ambient negative ion density is then calculated based on charge neutrality. We refer to the above density profiles as the "typical nighttime conditions" and use them in most of our simulations in the present work except when specified in subsequent sections.
[14] The initial inhomogeneities are assumed to be formed by equal amounts of electrons and positive ions (i.e., are charge neutral) that have a spherically symmetric Gaussian density distribution:
where n peak and r 0 are, respectively, the peak density and the characteristic size of the inhomogeneity. At ground pressure, typical streamer radius and electron density in a streamer channel are, respectively, $2Â10
-4 m and $10 20 m -3 [Pasko et al., 1998, and references therein] . According to the similarity laws proposed by Pasko et al. [1998] , these values are, respectively, $6 m and $10 11 m -3 at 75 km altitude, or $13 m and $2Â10 10 m -3 at 80 km altitude. Unless specified in the text, in our simulations, r 0 =30 m, which is approximately equal to the size of streamers at $80 km, and n peak =2Â10 9 m -3 .
Terminology
[15] Before presenting modeling results, it is necessary to clarify the physical concepts of a "sprite halo" and a "streamer initiation region (SIR)" used in the present study.
[16] Originally, the term "sprite halo" was introduced by Barrington-Leigh et al. [2001] to refer to the optical emissions of "a brief diffuse flash sometimes observed to accompany or precede more structured sprites in standard-speed video." These authors have also shown that these diffuse optical emissions are produced by the lightning-induced quasi-static electric field interacting with lower ionospheric electrons, rather than the lightning electromagnetic pulse that leads to another type of TLEs named elves [e.g., Fukunishi et al., 1996; Inan et al., 1997] . In the present work, we use the terms "sprite halo" or simply "halo" to refer to large-scale electrodynamic (i.e., relaxation of the electric field and changes in electron mobility due to electron heating) and chemical (i.e., ionization, attachment and detachment) response of the lower ionosphere to the quasi-static electric field produced by lightning charge removal in the underlying thunderstorm, and use the term "diffuse glow" to define the optical manifestation of this response. We note that in existing literature and in our work, sprites with bright vertical streamer structure are very commonly referred to as simply sprites. We also note that in all sprite halo events modeled in the present study, we always assume that strong electron density inhomogeneities are present in the lower ionosphere, from which sprite streamers are initiated by locally enhanced electric field around these inhomogeneities. Sprite halos and sprite streamers in this context are closely interlinked phenomena as both are driven by quasi-static electric fields produced by lightning. The optical manifestation of these phenomena depends on magnitude and time dynamics of the charge moment change and lower ionospheric conditions (i.e., electron density profile and presence of inhomogeneities). When the diffuse glow of sprite halo is the only visible emission, it does not mean that sprite streamers are not present in the same volume as they usually require additional exponential growth to become visible [e.g., Liu et al., 2009] . Similarly, when only sprite streamers are observed optically the diffuse sprite halo emissions may remain subvisual. Figure 1 . Lightning Current waveform 1: Qh Q =800 C km and t 0 =25 ms; Waveform 2: Qh Q =600 C km, t 0 =25 ms, and continuing current with current moment of Ih Q0 =65.6 kA km; Waveform 3: Qh Q =400 C km, t 0 =25 ms and continuingcurrent with current moment of Ih Q0 =112.3 kA km. The total charge moment change over 5 ms is 800 C km for all cases.
QIN ET AL.: SPRITE MORPHOLOGY
[17] A "streamer initiation region" (SIR) refers to a mesospheric/lower ionospheric region in which the reduced lightning-induced electric field E halo /E k is large enough and persists long enough so that sprite streamers can be initiated from preexisting electron density inhomogeneities in the ambient ionosphere (see Figure 3 ). This region is relatively small when compared to the entire region where sprite streamers, once initiated, can propagate and develop into a full sprite (see Discussion section). Qin et al. [2011] first introduced this concept because preexisting inhomogeneities are randomly located in the ambient ionosphere so that it is impossible to know the exact locations at which sprite streamers will be initiated, and we can only determine a region inside which streamer initiation is possible.
Results

Initiation of Columniform and Carrot Sprites
[18] We first investigate the impact of the impulsive (no continuing current) charge moment changes Qh Q on the production of columniform and carrot sprites by +CGs under the "typical nighttime conditions" with h 0 =85 km, b=0.5 km
and n ion =10 8 m -3 (see Model section). The current waveforms of the four +CG cases studied in Figure 2 are associated with Qh Q values of 800, 600, 500, and 400 C km, respectively, and t 0 =25 ms in equation (10) (the curve labeled "waveform 1" in Figure 1 corresponds to the case of Qh Q =800 C km). Note that the duration of the lightning current corresponding to t 0 =25 ms is $1.0 ms (see Figure 1 ).
[19] In order to divide the upper atmosphere into different streamer initiation regions, we place test inhomogeneities at different mesospheric altitudes and simulate their evolution under the application of lightning-induced electric field ! E halo r; z; t ð Þ. Figure 2 shows the subdivisions for a given test inhomogeneity associated with n peak =2Â10 9 m -3 and r 0 =30 m in equation (12). The two-step simulations self-consistently calculate the approximate sprite onset altitudes for given lightning current waveforms, as shown in Figure 2 . It is interesting to note that the smallest charge moment change (i.e., 400 C km) in Figure 2 allows the highest possible streamer onset altitude ($81 km with dielectric relaxation time t ' 1.5 ms due to ambient conductivity). Results clearly show that a larger charge moment change leads to lower sprite onset altitudes. This happens because a large charge moment change enhances the conductivity at high altitudes, which is counterproductive for streamer initiation in this region. For +CGs that produce large charge moment changes, such as the cases shown in Figure 2a , b and c, the upper atmosphere can be divided into four sub-SIRs. An important feature in these cases is that Double-SIRs are present, and each is sandwiched by two Single-SIRs. In the parametric study we also found that $ 320 C km is the minimum charge moment change that is required for a +CG to initiate streamers under typical nighttime conditions.
[20] In our "two-step" simulations corresponding to the parametric study shown in Figure 2 , we found that upward negative streamers are only able to initiate in a region where mesospheric electric field E halo (r,z,t) persists with ≳ 0.8 E k 
Reduced electric field E halo /E k along the axis of symmetry of sprite halos at t=0.1, 0.2, 0.4, 0.7, 1.1, 1.6, 2.4, 3.4, 5.0 ms produced by +CGs associated with total charge moment changes of (a) 800 C km (b) 600 C km (c) 500 C km and (d) 400 C km, and division of the upper atmosphere into different sub-SIRs for an inhomogeneity associated with n peak =2Â10 9 m -3 and r 0 =30 m. "Single-SIR" and "Double-SIR" denote single and double-headed streamer initiation region, respectively. Note that the duration of the lightning current corresponding to t 0 =25 ms is $1.0 ms (see Figure 1 ).
for ≳2 ms, whereas downward positive streamers are able to initiate as long as E halo (r,z,t) persists with ≳ 0.5E k for several milliseconds. This difference leads to two important results shown in Figures 2d and 3 , respectively. First, in the case of a +CG with a small charge moment change such as 400 C km, the double-SIR is absent due to the fact that the entire lower ionosphere is under sub-breakdown condition (see Figure 2d ), and it is found that $500 C km is the minimum charge moment change that can produce carrot sprites under typical nighttime conditions. Second, for large charge moment changes such as 800 C km, it is expected that carrot sprites are able to initiate close to the center of the sprite halo in a region where lightning-induced electric field persists at above $0.8E k for ≳2 ms, whereas in the same event, columniform sprites may appear at the periphery of the sprite halo where the electric field lasts for only $1 ms above 0.8E k or persists at 0.5E k ≲ E halo ≲0.8 E k for several milliseconds (see Figure 3 ).
Effects of Impulsiveness of Lightning Current
[21] In order to investigate the impact of impulsiveness of the initial lightning pulse (i.e., the return stroke) on the initiation and morphology of sprites, we conducted another case study in which we kept all the other conditions the same as those used in Figure 2 , and modified only the lightning current waveforms to be more impulsive with t 0 =10 ms (see equation (10)). Note that the duration of the lightning current corresponding to t 0 =10 ms is $0.4 ms. Figure 4 shows the mesospheric electric field E halo (z,t)/E k on the axis of the sprite halo in this case and the corresponding divisions of the upper atmosphere into different sub-SIRs. When compared to the cases studied in Figure 2a and d, it is clear that more impulsive return strokes (i.e, with larger peak current but identical total charge moment change) lead to higher amplitudes of the peak of the lightning-induced electric field, and therefore produce brighter sprite halos. For example, the maximum of the luminosity of the sprite halo presented in Figure 2a is 60 MR at 77.2 km at t=1.0 ms, whereas the maximum of the luminosity in Figure 4a is 180 MR at 78.8 km at t=0.4 ms. Figures 4a and 4b also show that the upper boundaries of the SIRs are located at 74 km and 80 km, which are lower when compared to the boundaries at 76 km in Figure 2a and at 81 km in Figure 2d , respectively. As will be discussed in Section 5.2, this is due to more significant conductivity enhancement in the sprite halo region in the more impulsive cases, which forces sprite streamers to initiate at lower altitudes. . Reduced electric field E halo /E k along the axis of symmetry of sprite halos at t=0.1, 0.2, 0.4, 0.7, 1.1, 1.6, 2.4, 3.4, 5.0 ms produced by +CGs associated with Qh Q of (a) 800 C km; (b) 400 C km and t 0 =10 ms. Division of the upper atmosphere into different sub-SIRs for an inhomogeneity characterized by n peak =2Â10 9 m -3 and r 0 =30 m. Note that the duration of the lightning current corresponding to t 0 =10 ms is $0.4 ms. Figure 3. Reduced electric field E halo /E k (>0.5) of a sprite halo at t=1.1, 2.4, 3.4 ms produced by a +CG associated with Qh Q =800 C km and t 0 =25 ms (i.e., the same case as that shown in Figure 2a ). The closed solid curve inside each panel surrounds a region in which E>0.8E k . We calculate the Double-SIRs at the locations with radial distance R=0, 10, 20, and 30 km off the axis of the sprite halo, and show them in each panel using vertical white bars. The entire Double-SIR surrounded by the closed dashed curve in each panel is estimated based on the calculated vertical bars. We note that the entire Double-SIR is approximately the region where the lightning-induced electric field persists at ≳0.8E k for ≳2 ms, whereas in other regions where the electric field persists at ≳0.5E k , single-headed streamers can initiate if strong inhomogeneities are present. We also note that streamers do not initiate in the region with large lightning-induced electric field (≳1.4E k in the studied case) where conductivity enhancement is significant due to ionization in the sprite halo (see panel (a)).
[22] In Figure 5 , we compare the temporal variations of E halo (t)/E k at three fixed altitudes in different sub-SIRs shown in Figures 2a and 4a to further study the impact of impulsiveness of the initial lightning pulse. We first examine the less impulsive case with Qh Q =800 C km and t 0 =25 ms (dashed lines in Figure 5 ). According to Figure 2a , the lightning-induced electric field applied at 75 km and at 67 km lead to the production of single-headed downward positive streamers, whereas at 70 km double-headed streamers are able to initiate. If the lightning current is more impulsive with the same total charge moment change and t 0 =10 ms (solid lines in Figure 5 ), according to Figure 4a , the lightning-induced electric field applied at 75 km with strong peak but short persistence only produces halo emissions. We have tested that above 70 km, short persistence of the electric field plays a significant role in impeding upward negative streamer initiation. For example, at 71 km, in the case of less impulsive lightning current, double-headed streamers can be initiated from an inhomogeneity of n peak =8Â10 8 m -3 , whereas it is still not possible to initiate upward negative streamers with even n peak =2Â10 9 m -3 in the case of more impulsive lightning current. We note that 70 km is a transition altitude below which the persistence of the electric field in the case of more impulsive lightning is not significantly shorter. At low altitudes such as 67 km, impulsive current is more favorable to initiate single-headed downward positive streamers since the electric field produced by more impulsive lightning is always larger than that of the less impulsive one.
[23] We have also conducted similar comparison study for the two cases shown in Figures 2d and 4b in which +CGs produce 400 C km charge moment changes. We note that below $79 km, that is almost the entire streamer initiation region (see Figures 2d and 4b) , the more impulsive lightning produces larger electric field over the 5 ms duration (the comparison is similar to that of 67 km shown in Figure 5) , and therefore provides more favorable conditions for the initiation of single-headed downward positive streamers.
Effects of Continuing Lightning Current
[24] In addition to Qh Q and t 0 (see equation (10)), continuing current following the initial lightning pulse is another important parameter that may have significant impact on the initiation and propagation of sprite streamers [e.g., Li et al., 2008] . Since we only focus on a 5 ms timescale dynamics, in the present work, the "continuing current" can be either the long current tail of a +CG event or continuing current produced by intracloud lightning activities [van der Velde et al., 2006] . In the two cases studied in Figure 6 , the total charge moment changes are 800 C km. In Figure 6a , the initial lightning pulse produces an impulsive charge moment change of 400 C km, and the continuing current produces another 400 C km (see the curve labeled "waveform 3" in Figure 1 ). In Figure 6b , the initial pulse and continuing current produce 600 C km and 200 C km charge moment changes, respectively (see "waveform 2" in Figure 1 ). Unlike the cases shown in Figures 2a and 4a , in which the lightning-induced electric field is effectively screened out above $70 km at t=5 ms, it is shown in Figures 6a and 6b that the electric field at t=5 ms keeps on a significant strength that is comparable to E k at up to $85 km, and the electric field at t=5 ms in Figure 6a is more intense than that in Figure 6b at high altitudes $80 km. Figure 6 . Reduced electric field E halo /E k on the axis of symmetry of sprite halos in the cases of (a) 400 C km charge moment change produced by the return stroke and additional 400 C km by continuing current associated with a 112.3 kA km current moment; (b) 600 C km charge moment change produced by the return stroke and additional 200 C km by continuing current associated with a 65.6 kA km current moment. We note that the peak halo luminosity integrated over a horizontal line of sight in the case (a) is $15 MR at 74.6 km at t=5 ms, and in the case (b) is $15 MR at 72.2 km at t=5 ms.
Effects of Lightning Polarity
[25] The last lightning property investigated in the present work is the lightning polarity, which according to abundant observations [Williams et al., 2007 [Williams et al., , 2012 , and references therein] most significantly affects the ability of CGs to trigger sprites. Indeed, sprites are almost exclusively produced by +CGs. As will be demonstrated in the present work, this extreme polarity asymmetry stems from the intrinsic differences between positive and negative streamers, and the differences between +CGs and -CGs that were quantitatively emphasized by Williams et al. [2012] . For this purpose as well as to predict possible morphological features of the rarely-observed negative sprites, we have used our "two-step technique" to simulate and compare sprite-halo events produced by +CGs and -CGs associated with charge moment changes from 300 to 600 C km under typical nighttime conditions. In this parametric study, we found that for an inhomogeneity with n peak =2Â10 9 m -3 and r 0 =30 m, the minimum charge moment change for a +CG to produce positive sprites is $320 C km, whereas it requires a -CG to produce at least a $500 C km charge moment change to produce negative sprites. Figure 7 shows the initiation of two double-headed streamers in the mesospheric electric field produced, respectively, by a +CG and a -CG, both associated with Qh Q =600 C km and t 0 =25 ms. We see that in both cases the positive streamer appears at an earlier moment of time than the negative streamer. The dynamics of the streamer initiation in Figure 7 is typical in the case of Qh Q ≳ 500 C km in both +CG and -CG cases.
[26] For a -CG associated with a charge moment change that is smaller than 500 C km, single-headed upward positive streamers may still be able to initiate. However, the dynamics of these streamers is different from the single-headed downward positive streamers produced by +CGs with small charge moment changes. This effect is illustrated in Figure 8 by comparing the luminosities of a single-headed positive streamers initiated by a +CG and a -CG, both associated with Qh Q =400 C km and t 0 =25 ms. As shown in Figure 8 , the optical emission of the 1PN 2 band system in the downward positive streamer head increases rapidly, whereas the luminosity decreases in the case of upward-propagating positive streamer.
Effects of Ambient Ionospheric Conditions
[27] Finally, we investigate the impact of the lower ionospheric ambient conditions, that exhibit significant geographical [e.g., Sagalyn and Burke, 1985; Swider, 1985] , short-term Cummer, 2010a, 2010b] and long-term [e.g., Usoskin et al., 2005] variations, on the sprite .75 km by a -CG, both associated with Qh Q =600 C km and t 0 =25 ms. We note that the mesospheric electric field ! E halo r; z; t ð Þ produced by the -CG is almost identical to that produced by the +CG shown in Figure 2b . 2.8 Figure 8 . Optical emissions of the 1PN 2 band system on the axis of symmetry of a streamer initiated by (a) a +CG and (b) a -CG, both associated with Qh Q =400 C km and t 0 =25 ms (see Figure 2d for the mesospheric electric field ! E halo r; z; t ð Þproduced by the +CG, which is almost identical to that produced by the -CG.)
morphology. Figure 9 shows a typical case in our parametric study. The +CG is associated with Qh Q =400 C km and t 0 =25 ms, which are the same parameters as those used in Figure 2d . The electron density profile is characterized by h 0 =87 km and b=0.5 km -1
, and the initial ion density is n ion =10 8 m -3 . It is shown in Figure 9 that the Double-SIR is very thin in this case. This indicates that for Qh Q =400 C km, h 0 =87 km represents the lowest reference altitude that allows production of carrot sprites. Reciprocally, for the upper atmospheric ambient conditions assumed in Figure 9 , Qh Q =400 C km is the minimum charge moment change required for the production of carrot sprites. Figure 10 shows that lower ambient conductivity (i.e., higher h 0 and smaller n ion ) leads to smaller minimum charge moment change required for the production of carrot sprites.
Discussion
[28] In the following Subsections 5.1, 5.2, and 5.3, we discuss the impact of several lightning characteristics, including the total charge moment change, the impulsiveness of the initial lightning pulse, and the continuing lightning current on the production of columniform and carrot sprites in the case of +CGs (i.e., positive sprites). In the subsection 5.4, we discuss the threshold charge moment change required for the initiation of 'negative sprites', their possible morphologies, as well as the lightning polarity asymmetry in producing sprites. As already noted above, we assume "typical nighttime conditions," which are defined by an electron density profile characterized by h 0 =85 km and b=0.5 km -1 (see equation (11)), and an initial ion density profile represented by n ion =10 8 m -3
. Finally, we discuss the dependence of sprite morphology on the lower ionospheric ambient conditions in the Subsection 5.5.
Columniform Sprites Are Produced in Sub-Breakdown Conditions
[29] Kosar et al. [2012] have reported simulation results on successful formation and stable propagation of positive streamers that initiate from an ionization patch attached to an electrode in sub-breakdown (E < E k ) conditions. It was also observed by Kosar et al. [2012] that even in an applied electric field that is significantly stronger than the minimum field E À cr required for their stable propagation, negative streamers fail to start after positive streamers have propagated a long distance [Kosar et al., 2012] . Indeed, our parametric study using "two-step" technique show very stringent requirements for the initiation of negative streamers. It is found that single-headed downward positive streamers, that may develop into columniform sprites, can be initiated either in the upper Single-SIR where the initial large lightning-induced electric field E halo lasts for ≳1 ms above 0.8E k , or in the lower Single-SIR where E halo persists for several milliseconds at values ≳0.5E k to $0.8E k (see Figures 2 and 4) . In contrast, double-headed streamers or secondary upward negative streamers [Qin et al., 2012a] are initiated in the Double-SIR in which E halo (t) persists at values ≳0.8E k for ≳2 ms.
[30] With the presence of upper Single-SIR and Double-SIR, +CGs associated with large charge moment changes (>500 C km under typical nighttime conditions) are able to produce carrot sprites if strong inhomogeneities exist in these two regions. As has been indicated by Qin et al. [2012a] , single-headed downward streamers initiated from inhomogeneities in the upper Single-SIR will favor the development of carrot sprites, since secondary upward negative streamers would be able to initiate in the Double-SIR from previous downward streamer channels. In such cases, single-headed downward positive streamers will appear at higher altitudes at earlier moments of time than upward negative streamers in carrot sprites as observed by McHarg et al. Figure 10 . The estimated minimum charge moment changes for the production of carrot sprites under different upper atmospheric ambient conditions that are represented by h 0 (see equation (11)) and n ion . The quantity n ion is the initial ambient ion density (see Model section). We note that these minimum Qh Q values are also the threshold for -CGs associated with the same current waveforms to produce sprites, and for the sake of illustration we assume that all the current waveforms have the same parameter t 0 =25 ms (see equation (10)) and the test inhomogeneity is characterized by n peak =2Â10 9 m -3 and r 0 =30 m (see equation (12)).
associated with large charge moment changes tend to produce carrot sprites, since the presence of strong inhomogeneities in the lower Single-SIR is likely to be less probable than that in the Double-SIR or in the upper Single-SIR, due to exponential decrease of ambient electron density at lower altitudes.
[31] We conclude that in general, +CGs associated with small charge moment changes (Qh Q ≲ 500 C km for typical nighttime conditions) are only able to produce columniform sprites. However, we emphasize that not all columniform sprites are produced by +CGs associated with small charge moment changes, since they may also appear at the periphery of a sprite halo induced by a +CG associated with a large Qh Q (see Figure 3 and observations of Vadislavsky et al. [2009, Figure 1a] ). As already noted before, streamers initiated in the upper Single-SIR will develop into carrot sprites, therefore, it can be stated that columniform sprites are produced in sub-breakdown conditions (i.e., in the lower Single-SIR or the periphery of a sprite halo produced by a large Qh Q , or in the entire SIR produced by a small Qh Q ). We note that the range of 320-500 C km charge moment changes that lead to the production of columniform sprites agrees well with observations reported by Cummer and Inan [1997] ; Adachi et al. [2004] ; Hayakawa et al. [2004] ; and Suzuki et al. [2011] . This also indicates that the electron density profile characterized by h 0 =85 km and b=0.5 km -1 indeed represents a typical nighttime profile [BarringtonLeigh et al., 2001; Han and Cummer, 2010a] . We also note that smaller instantaneous charge moment change allows higher streamer initiation altitudes (see Figure 2 ). This result is consistent with the observations of Stenbaek-Nielsen et al. [2010] , which show that, statistically, columniform sprite onset altitudes are higher than those of carrot sprites.
[32] We note that although the production of columniform sprites requires smaller charge moment changes when compared to that of carrot sprites, and +CGs associated with small charge moment changes are much more frequent [Williams et al., 2007] , these do not necessarily lead to the conclusion that columniform sprites occur more frequently. Indeed, in our simulations we have observed that the threshold density of the inhomogeneity required for the initiation of streamers in the case of small Qh Q is higher than that in the case of large Qh Q . This is because in the case of small Qh Q , lightning-induced electric field is small, and therefore a strong inhomogeneity is needed to produce a large space charge field by its polarization in order to produce intense ionization in a local region to initiate streamers.
Impact of the Impulsiveness of the Initial Lightning Pulse on Streamer Initiation and Sprite Morphology
[33] Qin et al. [2011] have concluded that the ability of producing sprites is determined mainly by the total charge moment change of the lightning discharge but not the lightning current duration, whereas the ability of producing detectable halo depends on its impulsive characteristic (see paragraph [45] in Section 5.3). Nevertheless, the lightning impulsive characteristic may still slightly affect the initiation of sprite streamers, and may have great impact on the sprite morphology, which is the subject of the present section.
[34] For the typical nighttime conditions assumed in the present work, streamers are not able to initiate above 81 km due to high ambient conductivity that leads to short relaxation time t ≲ 1 ms. The ionization process in the halo region of high ambient electron density only leads to simple collective multiplication of electrons [Barrington-Leigh et al., 2001 ] without strong local space charge effects that are of essential importance to the transition of electron avalanches into sprite streamers [Qin et al., 2011] . On the other hand, as already suggested by Barrington-Leigh et al. [2001] , the ionization process in the sprite halo region increases the conductivity in this region, that will enhance the electric field below, and it therefore may affect the formation of streamers at low altitudes.
[35] In order to better understand the effects of the conductivity enhancement in a sprite halo region, we compare two +CGs associated with the same total charge moment change (Qh Q =800 C km), but with different impulsiveness (t 0 =25 and 10 ms, respectively), in terms of their ability to initiate sprite streamers (see Figure 5 ). As mentioned in Section 4.2, the +CG associated with a more impulsive initial pulse will produce a brighter halo at high altitudes, since it creates larger mesospheric electric field that also leads to more intense large-scale ionization. These modeling results are consistent with the observational evidence of the relation between the halo luminosity and the lightning impulsiveness documented by Williams et al. [2012] . As shown in Figure 5 , in the upper part of the SIR ≳70 km (such as at 75 km), where the ionization process is dominant for a brief period, although the peak amplitude of the lightning-induced electric field is larger in the case of a more impulsive +CG, the persistence of the electric field is shorter. This is due to a more significant conductivity enhancement by the ionization process at high altitudes in the more impulsive case. Our "two-step" simulations show that above $70 km, in spite of higher peak amplitude, the shorter persistence of the electric field in the case of a more impulsive +CG leads to the requirement of a stronger inhomogeneities in order to initiate streamers. On the other hand, the situation is different at low altitudes where attachment process dominates (≲ 70 km in Figure 5 ). In this lower part of the SIR, the electric field produced by a more impulsive +CG is always larger, and therefore is more favorable for streamer initiation. The above-discussed effects in the lower and upper part of a streamer initiation region, along with the random location of inhomogeneities, lead to different possible effects of the impulsiveness of a +CG associated with a large charge moment change on the streamer initiation. We expect that in some cases, if strong inhomogeneities are only present at high altitudes, a very impulsive +CG may produce only a bright sprite halo without visible streamer structures, even if the charge moment change is large. In other cases, if inhomogeneities exist at low altitudes, a more impulsive +CG produces a brighter halo at high altitudes, and at the same time has larger probability to initiate streamers at lower altitudes.
[36] Unlike the complicated situations in the case of large charge moment changes, we expect that more impulsive +CG associated with a small charge moment change (≲ 500 C km for typical nighttime conditions) has a larger probability to produce sprites, since the electric field strength in almost the entire SIR is higher than that in the case of a less impulsive +CG associated with the same charge moment change (see Section 4.2 for a case study of 400 C km). This may account for the results of Adachi et al. [2004] who reported that the number of columns in each columniform sprite event was proportional to the peak current intensity, which is almost independent of the charge moment change in the sprite-producing +CGs.
[37] Although we conclude that more impulsive +CG has a higher probability to initiate streamers at low altitudes for large charge moment changes, or everywhere for small charge moment changes, we emphasize that in either case, this effect is not as significant as the total charge moment change, since the advantage gained by the impulsiveness, for example in the 400 C km case shown in Figure 4b , can be easily surpassed by an extra $20 C km charge moment change in the less impulsive case shown in Figure 2d .
[38] Furthermore, we suggest that the conductivity enhancement at high altitudes has a significant impact on the propagation of the upward negative streamers initiated in the Double-SIR. As discussed in Section 5.1, +CGs associated with large charge moment changes are able to initiate double-headed streamers from ambient inhomogeneities or secondary upward negative streamers from previous downward positive streamers in Double-SIR [Qin et al., 2012a] . However, as shown in Figure 2a , the relaxation of the lightning-induced electric field at high altitudes (above $70 km) is fast due to the conductivity enhancement, and the electric field decreases to almost zero at high altitudes. This conductivity enhancement not only disables streamer initiation at altitudes 76-81 km, but also impedes the propagation of upward negative streamers that are initiated in the Double-SIR. We note that streamer initiation at 76-81 km is possible in the case of small charge moment change that does not lead to a significant conductivity enhancement (see Figure 2d ). In the case of 500 ≲ Qh Q ≲600 C km, the diffuse part of carrot sprites may be faint, as we observe in simulations that the electric field in negative streamer heads are ≲2E k after a propagation over $1 km upward. These streamers apparently do not have much more space to further develop, since lightning-induced electric fields are quickly screened out above the Double-SIR (see Figures 2b, 2c) . We suggest that these intermediate charge moment changes with no continuing current account for the "sliding scale from pure columniform sprites to carrot sprites" as discussed by Stenbaek-Nielsen and McHarg [2008] .
Continuing Current is of Essential Importance to the Development of the Upper Diffuse Region of Carrot Sprites
[39] Owing to the significant conductivity enhancement, sprite streamers, especially upward negative streamers, are not able to initiate in the halo region with strong lightninginduced electric field (see Figure 2) . In particular, this conductivity enhancement, along with the ambient conductivity, effectively screens out the lightning-induced electric field at high altitudes. The stable propagation of negative streamers requires a minimum applied electric field E À cr '12.5N/N 0 kV/cm [Pasko et al., 2000] , or even ≳15N/N 0 kV/cm [Celestin and Pasko, 2010] . Thus, the fast relaxation of the lightning-induced electric field above the Double-SIR leads to a fast decay and eventually termination of the upward propagating negative streamers. This explains the observations which show that the upper diffuse part of carrot sprites usually terminates inside the bright sprite halos that lead to significant conductivity enhancement (see Figure 2a in Taylor et al. [2008] and Figure 1 in Pasko et al. [2011] ).
[40] From the discussion in Section 5.2, we can expect that +CGs associated with weak initial pulses but accompanied by intense continuing current may provide favorable conditions for the initiation and propagation of upward negative streamers, since these +CGs do not significantly enhance the conductivity at high altitudes (i.e., the sprite halo is dim or sub-visible) and therefore allow longer persistence of the lightning-induced electric field. This is demonstrated in Figure 6 . Although the +CG event modeled in Figure 6a produces the same total charge moment change of 800 C km as that in Figures 2a and 4a , it produces less ionization, which leads to a dimmer halo (see caption of Figure 6 ) and slower relaxation at high altitudes ($80 km). Meanwhile, the intense continuing current compensates the loss of the electric field due to dielectric relaxation, and therefore the electric field below $85 km can persist at a level that is comparable to E k . We note that the doublepeaked structure of the electric field at t=5 ms in Figure 6a corresponds to structure of conductivity modification at different altitudes. The electron density enhancement at $75 km is more significant than that at $82 km and $72 km, which leads to faster electric field relaxation at $75 km. When compared to the case shown in Figure 6a , stronger electric field produced by the initial lightning pulse in Figure 6b enhances the conductivity at high altitudes ($80 km) more significantly, and with a less intense continuing current, the electric field at high altitudes persists at a much lower value ($0.25E k ).
[41] Besides, when comparing the two cases shown in Figures 2d and 6a , or the ones shown in Figures 2b and  6b , in which the initial lightning pulse is or is not followed by continuing lightning current, it is apparent that continuing lightning current significantly enhances the mesospheric electric field at low altitudes after the completion of the initial lightning pulse. It is reasonable to expect that continuing lightning current with tens to hundreds of millisecond durations has similar effects on the mesospheric electric field, and therefore is one critical reason that leads to the production of the so-called long-delayed sprites, as emphasized by Li et al. [2008] .
[42] The above simulation results are consistent with the observations of van der Velde et al. [2006] and Suzuki et al. [2011] in which carrot sprites are produced by larger total charge moment changes in the lightning events with intense continuing current, whereas columniform sprites are produced by instantaneous charge moment changes during +CG events with transient current.
Negative Sprites Should be Necessarily Carrot Sprites Produced by -CGs Associated With Large Charge Moment Changes
[43] We first note that the mesospheric electric fields ! E halo r; z; t ð Þ produced by the -CGs studied in the present work are not shown in separate figures since they are almost identical to those shown in Figure 2 produced by the +CGs associated with the same current waveforms (see also discussions of Qin et al. [2011, Section 5 .1] on the "Polarity Symmetry of +CGs and -CGs in Producing Sprite Halos"). It should be therefore emphasized that the results shown in Figures 2 through 6 can also be used for the discussion of -CG cases or comparison between +CGs and -CGs as the resulting electric fields in the halo region would be very similar on the considered timescale. For example, assuming that the results shown in Figure 2 are related to -CGs, under typical nighttime conditions, a minimum Qh Q of $500 C km (see panel (c) of Figure 2 ) is required for the production of 'negative sprites', since otherwise downward negative streamers cannot be initiated. In the same vein, one can also think the results shown in Figure 4 (i.e., the more impulsive cases) as related to -CGs and study the impact of the difference between the impulsive characteristics of +CGs and -CGs by comparing these results with those shown in Figure 2 .
[44] In all of our "two-step" simulations of sprite streamers produced by either +CGs or -CGs, initiation of positive streamers is always easier and earlier than that of, if even present, negative streamers from the same initial electron inhomogeneities. Therefore, the positive sprites can be in the form of either columniform sprites with only downward positive streamers or carrot sprites with both upward negative and downward positive streamers. However, from the study carried out in the present paper we conjecture that negative sprites are likely always carrot sprites, and are unlikely to be upward propagating columniform sprites. The main reason is that in the case of small charge moment changes, the single-headed upward positive streamers produced by -CGs, that potentially can lead to columniform shapes, do not have a $5-10 km region [Wescott et al., 1998 ] with sufficient electric field to develop because of the fast electric field relaxation at high altitudes. The lack of concomitant large peak current and intense continuing current in -CG events [Saba et al., 2006; Saba et al., 2010; Williams et al., 2012] prevents long persistence of the lightning-induced electric field at high altitudes similar to that produced by +CGs with intense continuing current (see Figure 6 ). In contrast to the fast growing luminosity in the single-headed downward positive streamer produced by a +CG (see Figure 8a) , the luminosity in the single-headed upward positive streamer head produced by a -CG decreases quickly (see Figure 8b ). These decaying single-headed upward positive streamers could potentially be detected as bright spots/patches, but not as 5-10 km columns. Interestingly, it seems that this kind of bright spots/patches exist in previous 'negative' sprite observations (see the bright spot at the right side of the sprite halo documented in Taylor et al. [2008, Figure 2] ). We conjecture that they may also appear in some possibly sub-visible sprite halos produced by -CGs associated with intermediate large charge moment changes (e.g., 400 C km), but were not previously considered as sprite streamers or may be too dim to be detected.
[45] Nevertheless, when thinking of sprites as objects with extensive vertical structures (i.e., longer than $5 km, which is the shortest length of typical columniform sprites (e.g., Wescott et al. [1998] ), 'negative' sprites are most likely carrot sprites. In the sense that downward negative streamers must be initiated in order to develop extensive vertical structures, we calculate that a minimum charge moment change of $500 C km is required for a -CG to produce sprites under typical nighttime conditions. This value is expected, since it should be close to that required for the production of carrot sprites in the case of +CGs. We note that the charge moment changes producing the 'negative' sprites documented by Barrington-Leigh et al. [1999] (1550 and 1380 C km) and Taylor et al. [2008] (503 C km in the first 2 ms) are all above this threshold. Li and Cummer [2011] recently reported observations of 6 'negative sprite' events, in which the charge moment charges of the causal -CGs are all larger than 450 C km and up to $1000 C km.
[46] The larger threshold charge moment change ($500 C km in the case of a -CG compared to $320 C km in the case of a +CG under typical nighttime conditions) required for the initiation of downward negative streamers partially accounts for the rarity of negative sprites when compared to occurrence of positive sprites. Moreover, we emphasize that in our "two-step" simulations, we can only model the very early stage of sprite streamer development (i.e., the inception stage). These streamers have to undergo significant acceleration and expansion before they become observable [Liu et al., 2009; Qin et al., 2012a] . It is also known that the minimum applied electric field required for the stable propagation of negative streamers ( E À cr '12.5 kV/cm at ground level) is higher than that required for the stable propagation of positive streamers ( E þ cr '4.4 kV/cm at ground level) [Pasko et al., 2000] . These two effects lead to a larger difference of threshold charge moment changes required for +CGs and -CGs to produce observable sprites in comparison with the difference between 500 C km and 320 C km. The above-discussed different threshold charge moment changes required for streamer initiation and different applied electric field required for stable propagation growth of positive and negative streamers [Pasko et al., 2000] represent two critical reasons for the polarity asymmetry of +CGs and -CGs in the production of sprites. These two reasons stem from the essential differences between positive and negative streamers, and therefore even if +CGs and -CGs had no intrinsic differences, +CGs would still more easily produce sprites.
[47] In fact, +CGs and -CGs are intrinsically different, as was emphasized quantitatively by Williams et al. [2012] . -CGs are usually more impulsive than +CGs, but they do not carry long continuing lightning current as +CGs do [e.g., Williams et al., 2012] , and the associated charge moment changes are relatively small [e.g., Williams et al., 2007; Lu et al., 2012] . Intense continuing current in +CG cases facilitates the initiation of long-delayed sprites by removing additional thundercloud charge [Li et al., 2008] . On the other hand, we emphasize that the impact of lightning impulsiveness discussed in Section 5.2 for +CG cases is also applicable to the case of -CGs. Since -CGs usually produce small charge moment changes, more impulsive initial lightning pulse is favorable for streamer initiation (see the discussions in Section 5.2). Nevertheless, as stated in Section 5.2, charge moment change plays a much more important role than the impulsiveness in producing sprites. The fact that +CGs produce large charge moment changes much more frequently [e.g., Cummer and Lyons, 2005; Williams et al., 2007] is another critical reason for the lightning polarity asymmetry in the production of sprites. We note that their more impulsive characteristic is the reason why -CGs, although usually associated with smaller charge moment changes, produce statistically more halos than +CGs do [Newsome and Inan, 2010; Williams et al., 2012, Section 4] , since the peak lightning current is the key parameterin determining the halo luminosity as shown in the present study.
[48] It is important to put the results of the present study in the context of a sprite polarity paradox discussed recently by [Williams et al., 2012] . The essence of the paradox is that a global survey of charge moment changes associated with -CGs indicate that there is a small, but non-negligible number of -CGs that have magnitudes of charge moment changes as large as those that are known to produce sprite discharges in case of +CGs. Williams et al. [2012] estimated that the number of -CGs possessing these properties is approximately 10% of the related +CG population worldwide. The paradox is that sprites produced by -CGs are extremely rare (much less that 10% mentioned above), with very few events observed over many years of ground and satellite based observations worldwide [Williams et al., 2012, and references therein] . As already acknowledged earlier in our paper, Williams et al. [2012] pointed to a significant number of observed halos produced by -CGs and emphasized the importance of more impulsive lightning currents in -CGs in facilitating this phenomenology. The results obtained in our present and previous studies [Qin et al., 2011 [Qin et al., , 2012a indicate that the significant asymmetry in development of sprite streamers in case of +CGs and -CGs may be the most important factor for understanding why sprites produced by -CGs are so rare. A simple estimate based on the charge moment change data documented by Williams et al. [2007] and the charge moment thresholds for initiation of positive and negative sprites obtained in the present study (respectively 320 C km and 500 C km under typical nighttime conditions) has been made by Qin et al. [2012b] . This leads to the theoretical result that $5% of sprites should be negative. However, [Qin et al., 2012b] noted that due to a factor of 3 difference in fields required for propagation/growth of streamers of different polarity (see discussion above in this section about the E þ cr and E À cr fields) and the resultant intrinsic dimness of negative streamers propagating in a given field as compared to positive streamers, this estimate must be considered as an upper limit for observations. It should be emphasized that initiation of streamers in sprites does not guarantee that streamers are bright enough to be detectable. Indeed, after initiation, streamers in sprites go through a significant exponential growth, when their brightness increases by several orders of magnitude, before they become observable [Liu et al., 2009; Qin et al., 2012a] .
Dependence of Sprite Morphology on the Upper Atmospheric Ambient Conditions
[49] The upper atmospheric ambient electron density profile plays an essential role in the production of sprite streamers [Qin et al., 2011] . Indeed, whether a charge moment change is "large" or "small," in terms of its ability to produce sprite streamers, must be evaluated for a given ambient conductivity profile, because lower ambient electron density leads to a lower threshold charge moment change required for the production of sprite streamers [Qin et al., 2011] . In the present work, we found a similar dependence of the threshold charge moment change required for the production of carrot sprites in +CG cases on the lower ionospheric conductivity profile (see Figure 10 and a typical case in Figure 9 ). Namely, lower ambient conductivity (i.e., larger h 0 and smaller n ion ) leads to smaller threshold charge moment changes required for the production of carrot sprites by +CGs. We note that these minimum charge moment changes also represent the threshold for -CGs to produce negative sprites. As discussed in Section 5.4, positive sprites have both columniform and carrot shapes, but as far as we can envision from the present study negative sprites only have carrot shapes. The minimum charge moment change required for the production of negative (carrot) sprites is the same as that required for the production of positive carrot sprites (due to polarity symmetry of halos), which is larger than that required for the production of positive columniform sprites.
[50] The sharpness b of the ambient electron density profile is fixed in the present study in order to limit the number of variables in the parametric study. A sharper b would lead to the increase/decrease of the ambient electron density above/below the altitude h 0 (see equation (11)), therefore is unfavorable/favorable for production of carrot sprites at higher/lower altitudes.
[51] In the present study, a fundamental assumption is based on the presence of electron density inhomogeneities in the lower ionosphere, from which sprite streamers can be initiated. If one assumes that the ambient densities of electrons and ions are perfectly continuous and varying smoothly on spatial scales of sprite halos, that is no inhomogeneities are present, the response of the ionosphere to a lightning-induced electric field should be large-scale and continuous as no explicit small-scale length exists in this system [Qin et al., 2011] . Note that this is fundamentally different from the theory of Luque and Ebert [2009] , in which a sprite streamer was initiated as an instability in the halo front region where electron density gradients were extremely high. Experimentally, it is a known fact that some +CGs with very large charge moment changes do not produce sprites, and recent studies indicate that the charge moment change is not a perfect indicator of sprites production and should be considered as a necessary but not sufficient condition for sprites [Lang et al., 2011] . The absence of inhomogeneities would facilitate this phenomenology. The origin of these lower ionospheric inhomogeneities, however, is still an open question. Recently, Kosar et al. [2012] briefly summarized the possible mechanisms that might be attributed to the creation of these inhomogeneities, including ionospheric disturbances created by meteor trails, electrodynamic effects from thunderstorm and lightning, or gravity wave breaking.
[52] In order to make the parametric study more tractable, the exact divisions into different sub-SIRs in Figures 2 and 4 are only obtained for a given spherical inhomogeneity characterized by n peak =2Â10 9 m -3 and r 0 =30 m in equation (12). A value 2Â10 9 m -3 is $2 orders of magnitude higher than the ambient electron density at sprite altitudes ($80 km), and this value is $1 order of magnitude lower than the electron density in a streamer channel at $80 km. This inhomogeneity with n peak =2Â10 9 m -3 is strong enough so that streamers can directly initiate from it (see Figure 7) , and stronger inhomogeneities (i.e., higher n peak and larger r 0 ) will initiate streamers even more favorably. For example, if n peak =2Â10 10 m -3
, under "typical nighttime conditions", the minimum charge moment change required for +CGs to produce columniform/carrot sprites is $300/450 C km. However, an even higher n peak would not significantly affect the minimum charge moment changes since a value of 2Â10 10 is already as high as the electron density in a streamer channel at $80 km altitude. In the present study, it is not possible to conduct a study of the minimum charge moment changes associated with inhomogeneity with n peak =2Â10 8 m -3 because this inhomogeneity needs to propagate along the lightning-induced electric field to first develop as an electron avalanche before turning into a streamer. This process requires a timescale longer than 5 ms and probably a simulation domain larger than 2Â0.25 km 2 . We further note that the shape of inhomogeneity, such as an elongated ionization patch used by Kosar et al. [2012] , or elliptically Gaussian distributed inhomogeneity, also plays a role in streamer initiation and therefore affects the subdivisions of SIRs.
[53] Given the importance of the upper atmospheric conductivity profile in sprite streamer initiation and sprite morphology, we summarize several parameters or processes that may partially account for the variation of sprite production in different observation campaigns. First, the geographical variation of conductivity profile may affect the global distribution and occurrence rates of sprites, as the electron density, ion concentration and ion composition at different locations vary significantly [e.g., Sagalyn and Burke, 1985; Swider, 1985] . Second, significant short-term temporal variability of the nighttime D-region of the ionosphere is well known [e.g., Cummer, 2010a, 2010b] . Han and Cummer [2010a] probed the ionospheric D-region by measuring the high-power broadband very low frequency signals generated by lightning and propagating in the Earth-ionosphere waveguide in July and August of 2005, and found that the measured nighttime D-region electron density profile heights (i.e., h 0 in equation (11)) showed large temporal variations of several kilometers on some nights and relatively stable behaviors on others. The measured hourly average nighttime heights in 260 h ranged between h 0 =82.0 and 87.2 km, with a mean value of 84.9 km [Han and Cummer, 2010a] , whereas during daytime the h 0 value can be as low as $70 km [Han and Cummer, 2010b] . Variation of the D-region electron density profile over a range consistent with these ionospheric observations leads to variation of the threshold charge moment change for the production of carrot sprites (see Figure 10 ) varying by nearly a factor-of-two. Besides, rocket measurements in the D-region of the ionosphere show ion density between 75 and 85 km of about 10 9 m -3 near midday, about 10 8 m -3 near midnight, with a decay from about 4Â10 8 to 10 8 m -3 through sunset and a threefold increase at sunrise [Narcisi, 1973] . This short-term ion conductivity variation in the lower ionosphere also affects the production of sprites, as shown in Figure 10 that the increase of ambiention density from 10 8 m -3 to 10 9 m -3 leads to a $200 C km larger charge moment change required for the production of carrot sprites. Finally, the variation of conductivity in the upper atmosphere due to long-term effects may account for the differences of sprite production observed in different years, for example, due to variation in the solar activity and galactic cosmic ray flux [e.g., Usoskin et al., 2005] . We emphasize that besides the above-discussed variations in the ambient conditions of the lower ionosphere, the seasonal variations of the thunderstorm activity in the troposphere [e.g., Sato et al., 2008] , that lead to different lightning characteristics, will also significantly affect sprite morphologies in different campaigns.
Conclusions
[54] A two-dimensional plasma fluid model applied in a "two-step" technique, in which we couple the large-scale halo dynamics and development of small-scale streamers [Qin et al., 2012a] , is used in the present work to simulate sprite-halo events over a time scale of 5 ms in order to study the dependence of sprite morphology on lightning characteristics and lower ionospheric ambient conditions. The most significant associative detachment process O -+N 2 ! e +N 2 O in sprite chemistry has been taken into account. The test inhomogeneity from which the streamer is generated has a Gaussian distribution with n peak =2Â10 9 m -3 and r 0 =30 m (see equation (12)). The principal results of the present work are summarized as follows:
[55] 1. Morphology of 'positive' sprites is mainly determined by the total charge moment change of the causative +CGs and the location of initial imhomogeneities. +CGs associated with large charge moment change (Qh Q ) tend to produce carrot sprites, whereas those with small Qh Q are only able to produce columniform sprites. We have shown that the initiation of the upward negative streamers that form the upper diffuse region of carrot sprites requires the presence of a double-headed streamer initiation region (Double-SIR) in which the lightning-induced electric field persists above $0.8E k for ≳2 ms in the upper atmosphere, whereas the initiation of single-headed downward positive streamers that may develop into columniform sprites only requires that the lightning-induced electric field persists at above $0.5E k . For typical nighttime conditions (i.e., electron density profile is characterized by h 0 =85 km, b=0.5 km -1 in equation (11), and n ion =10 8 m -3
, see Section 2), the minimum Qh Q required for +CGs to produce columniform and carrot sprites are 320 C km and 500 C km, respectively.
[56] 2. Conductivity enhancement inside a sprite halo where ionization processes are dominant for a brief period, on one hand, leads to faster relaxation of the lightninginduced electric field and therefore lowers the probability of streamer initiation at these high altitudes, but on the other hand, enhances the electric field at lower altitudes where attachment processes are dominant and therefore is favorable for streamer initiation in the region below the sprite halo. These different effects inside and below the sprite halo region will be more significant in the case of a more impulsive initial lightning pulse for a given total charge moment change. In the case of small charge moment changes (e.g., ≲500 C km in typical nighttime conditions) in which only sub-breakdown conditions (E<E k ) are produced in the upper atmosphere, a more impulsive initial lightning pulse is more favorable for streamer initiation, since the lightning-induced electric field in almost the whole streamer initiation region will be enhanced.
[57] 3. Conductivity enhancement inside a sprite halo also impedes the development of upward negative streamers and therefore leads to a quick decay and termination of the upper diffuse region of carrot sprites. In the case of a weak initial lightning pulse accompanied by intense continuing current, conductivity enhancement due to ionization inside the halo is less significant (i.e., a dim halo). In such a case, slow dielectric relaxation and continuing current leads to the persistence of large electric field ($E k ) at high altitudes far above the sprite halo. An extensive upper diffuse region of carrot sprites can therefore develop.
[58] 4. 'Negative' sprites are most likely to be carrot sprites in the sense that upward positive streamers are easier to initiate than downward negative streamers in the case of -CGs. In typical nighttime conditions, a minimum charge moment change of $500 C km, which is the same as that required for the production of carrot sprites in the case of +CGs, is required for -CGs to produce sprites. -CGs associated with smaller charge moment changes may still be able to initiate single-headed upward positive streamers. However, these upward streamers cannot develop in a 5-10 km region with sufficient electric field to further develop into columnar shape because of the quick relaxation of electric field above the streamer initiation region, and therefore may only potentially be able to be observed as bright spots/patches.
[59] 5. The different minimum charge moment changes required for streamer initiation found in this paper (320 and 500 C km, respectively, for +CGs and -CGs under typical nighttime conditions), the different applied electric field required for stable propagation of positive and negative streamers [Pasko et al., 2000] , along with the fact that +CGs much more frequently produce large charge moment changes [e.g., Cummer and Lyons, 2005; Williams et al., 2007; Lu et al., 2012] , represent three critical factors for the polarity asymmetry of +CGs and -CGs in the production of sprites. The first two factors stem from the intrinsic differences between positive and negative streamers, and the third one stems from the intrinsic differences between +CGs and -CGs.
[60] 6. The variations of upper atmospheric ambient conditions have a significant effect on sprite production. Lower ambient conductivity (i.e., larger h 0 and smaller n ion ) leads to smaller changes in threshold charge moment required for the production of carrot sprites. We also suggest that these variations can be the geographical [Sagalyn and Burke, 1985; Swider, 1985] , short-term [e.g., Han and Cummer, 2010a; Han and Cummer, 2010b] , and long-term [e.g., Usoskin et al., 2005] variations of the upper atmospheric conductivity, which, along with the seasonal variations of thunderstorm activity that lead to different lightning characteristics in the troposphere [e.g., Sato et al., 2008] , may account for the differences of sprite morphologies observed by Stenbaek-Nielsen et al. [2010] in different campaigns.
